Surface forces measurement is a powerful tool for molecular level of characterization of solid-liquid interfaces and complex systems. In this review, we report the development of novel nano-scale measurements based on surface forces apparatus (SFA): (1) Twin-path SFA, which enabled us to study wide variety of samples such as metals and ceramics. (2) The resonance shear measurement (RSM), which is a sensitive method for evaluating properties of confined liquids for nano-rheology and tribology. We also summarize some of our recent researches on (1) evaluation of a surface potential and charge density of the electrodes using electrochemical surface forces apparatus, (2) characterization of ionic liquids confined between silica surfaces.
Introduction
Surface forces measurement directly determines interaction forces between two surfaces as a function of the surface separation with a resolution of 0.1 nm. The forces are generally measured by a simple spring balance using the instrument called "surface forces apparatus (SFA)". Early studies on the surface forces measurements were concerned mainly with the surface interactions involved in the colloidal stability. 1 We have emphasized the potential of this measurement as a unique surface characterization tool for monitoring the interfacial properties changing from the surface to the bulk (depth profiles). Another unique advantage of the surface forces measurement is that it monitors interactions between large surfaces (a typical diameter for the contacting surfaces is ca. 30 µm), therefore the measurement of weak interactions is possible. We used this technique for characterizing two dimensional assembled molecules such as polymer brushes 2 and structuring of the liquids on the surfaces such as surface molecular macrocluster formation. 3 Another active area of the force measurement is a shear measurement between solid surfaces across liquids. Various shear measurement methods for characterizing confined liquids were developed based on the SFA, with them the thickness of liquids confined between two surfaces could be adjusted in the molecular level. [4] [5] [6] [7] [8] Nano-rheological and nano-tribological properties of the confined liquids obtained using these techniques are important for many research fields such as nano-devices and tribology.
For surface forces measurements, conventionally, only mica substrates have been practically used because FECO (fringes of equal chromatic order) 1 for the distance determination of the conventional SFA requires at least one surface to be transparent. Many materials including metals, ceramics and plastics are not transparent; therefore constant efforts have been made for developing SFA to measure the surface forces between opaque substrates. [9] [10] [11] However, there was no SFA which could be practically applicable for opaque samples. Recently, we developed the new surface forces apparatus using two-beam (twin-path) interferometry, 12 i.e., twin-path SFA, for measuring interactions between opaque substrates. 13 This apparatus can be used to further develop novel instrumental setups. We are developing an electrochemical SFA for characterizing electrode surfaces, and a spectroscopic SFA for studying confined liquids between two solid surfaces. In this review, we described these instruments and their applications.
Development of Novel Surface Forces Apparatus

Twin-path surface forces apparatus
The twin-path SFA is the first practical SFA for opaque samples. A schematic diagram of the twin-path SFA is shown in Fig. 1 . The collimated light beam emitted from a laser diode = 670 nm was split into several orders of interferometric light by a diffraction grating. The +1st order diffracted light entered the SFA chamber from the bottom window and was reflected by the mirror on the lower sample holder, while the ¹1st order diffracted light was reflected by the fixed mirrors in the twin-path unit. These reflected lights were recombined with each other on the gratings attached to the photodiode. The phase shift obtained from the amplitude of the interference between these lights was used to determine the surface displacement (D). The resolution of this D determination would be low around phase shift = 90°, this restricts the working range of ca. 10 nm. To avoid this problem, the grating on the photodiode was divided to four areas on which the positions of the grooves were shifted to obtain the intensity of the light at the phase of 0, 90, 180, and 270°, and amplitude of four interference lights which shows 90°p hase differences can be monitored. The working range of the D determination by this method is 5 µm, as shown in Fig. 2(a) . The resolution of D is 0.2 nm as shown in Fig. 2 (b) (Recently, it was improved from the value in previous report (1 nm) 13 ).
The twin-path SFA enables us to measure the opaque samples. Using this SFA, we developed electrochemical surface forces apparatus (EC-SFA) for characterizing the electrode-electrolyte interface as described in the next section. Another advantage of this SFA is a free space at the top of the apparatus, which enables one to set a fluorescence microscope on the SFA to perform the SFA fluorescence spectroscopy for measuring fluorescence from confined liquids at various D's. We evaluated viscosity and pH of confined liquids using fluorescence probes. 14 
Electrochemical surface forces apparatus (EC-SFA)
The electric double layer at the electrode-electrolyte interface plays an important role in electrochemical processes. 15 Surface forces measurements have been regarded as a promising tool for understanding the double layer phenomena. 1 Naturally, development of an EC-SFA have been attempted. 16, 17 They measured the electric double layer forces between mica and electrode surfaces, Hg 16 and Au, 17 respectively, and evaluated the surface potential by fitting the force curves with the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory. However, quantitative analysis of interaction between different surfaces is more difficult compared to analysis of the forces between two identical surfaces, which was achieved by our new apparatus.
We developed a new EC-SFA, 18 which can perform the measurement on forces between symmetrical electrode surfaces, using the twin-path SFA. 13 Here, we describe the measurement on gold electrodes as an example. The gold electrode was prepared by the template stripping method. 19 This electrode was used as a working electrode (WE) along with a potentiostat for controlling the WE potential. The counter electrode (CE) was a Pt-wire, and the reference electrode (RE) was a Ag/AgCl (saturated KCl) electrode. This arrangement allowed to run electrochemical measurements in the three-electrode cell arrangement inside a chamber of the twinpath SFA. Figure 3 shows the force curves between the gold surfaces at various electrochemical potentials. 20 The forces consisted of a longrange double layer repulsion, which followed the exponential function, and the shorter-range attraction attributed to the van der Waals attraction. The double layer repulsion decreased with the increasing applied potentials. This indicated that the surface charge of the electrode surface decreased with the applied potential decreased. The surface potential (¼ 0 ) and the surface charge density (·) can be evaluated using the DLVO theory which expresses the force as the sum of the electric double layer force 21 and the van der Waals force. The Hamarker constant of the gold-gold surfaces, 4.4 © 10 ¹19 J, was used. (2014) at ¹0.1 V vs. Ag/AgCl, ¹107 mV and ¹0.14 mC/m 2 at 0.3 V, and 101 mV and 0.13 mC/m 2 at 0.7 V, respectively. These results demonstrated that this technique could be used for studying a wide variety of potential controlled surface phenomena such as the ion adsorption on the electrode and the electrochemical reaction under confinement. Using the same technique, we evaluated ¼ 0 and ·, and ratio of ion-pairing with counter anions for ferrocene modified gold electrodes, which was one of the most studied chemically modified electrodes. 24 
Resonance Shear Measurement (RSM) for Studying
Confined Liquids
Resonance shear measurement (RSM)
Liquids confined in nano-spaces exhibit different properties from those of bulk liquids due to liquid structuring induced by restriction of their molecular motion in nano-spaces and by their interactions with solid surfaces. Viscosity and fluidity of confined liquids are essential for understanding the behavior of molecules in submicro and nano-reactors. Frictional and lubricational properties of the confined liquid are crucial for designing the boundary lubrication system, in which nm thickness of liquid film lubricates. In order to understand properties of confined liquids, various shear force measurement methods were developed based on the SFA, where the thickness of liquids confined between two surfaces could be adjusted in the 0.1 nm resolution. [4] [5] [6] [7] [8] Among them, we developed a resonance shear measurement (RSM) which utilizes the resonance curve of the mechanical unit for the measurement. 7, 8 Compared to other shear force measurement methods, [4] [5] [6] the RSM has advantages such as high sensitivity and stability.
The schematic illustration of the RSM was shown in Fig. 4 . The upper surface was hung by a pair of stiff leaf springs and laterally moved by a four-sectored piezo tube, which was driven by applying a sinusoidal voltage to the two opposite electrodes. The amplitude of the voltage was U in and the angular frequency was ½. The deflection of the leaf spring was detected using a capacitance probe as its output voltage (U out ). The amplitude ratio U out /U in vs. ½ was plotted as the resonance curve, in which the U out /U in at the resonance peak and its frequency ½ res reflected the sample properties, such as viscosity and friction. Typical resonance curves at various D and normal load (N) were shown in Fig. 5 . Two reference states, the curves for the separation in air (AS) and solid-solid contact (SC), are also plotted for convenience. In the former curves, the peak frequency, ½ AS , was characterized by the mass and the spring constant of the upper surface unit. On the other hand, upper and lower surfaces moved identically in a strong adhesion contact when we measured the latter curves. Thus the resonance frequency of the solid-solid contact in air, ½ SC , shifted to higher frequency due to contribution of the mass and spring constant of lower surface units. In general, the resonance curves reflect the viscosity and frictional properties of the confined liquid. When the viscosity of the liquid is low, the liquid does not transmit the movement of the upper surface to the lower surface. Therefore, the resonance frequency is determined only by the resonance property of the upper unit, and the peak appears at the AS position (½ AS ), and its amplitude can be damped by the viscosity of the liquid, which is usually larger than that of air. When the D decreases, further decrease in the resonance peak amplitude is observed, indicating that the viscosity of the liquid increases due to the change in its packing to a more ordered form. When the distance becomes smaller, and if the liquid forms a highly ordered structure, the upper and lower surfaces are connected by ordered liquid molecules and move together, resulting in the disappearance of the peak at the separation side and the appearance of the resonance peak at frequencies close to the contact position (½ SC ). In this case, the peak amplitude increases with decreasing D, indicating larger friction between the surfaces across the confined liquids which behave as traction liquids. From these peak changes, it is possible to evaluate nano-rheological and nano-tribological properties of the liquids confined between two surfaces. We have employed this method for characterizing confined liquids. Major results include: 1) The effective viscosity of water confined between mica obtained at D < 1 nm has been evaluated 2-4 orders of magnitude larger than the bulk value; 25 2) A model lubricant consisting of a liquid crystal and an additive (6CB/Sudan Black B mixture) confined between mica surfaces has been studied. 26 indicated the role of the additive for enhancing lubricity and inducing the stick-slip transition; 3) the mechanism explaing the high viscosity of a precipitated calcium carbonate (PCC) dispersion in dioctyl phthalate (DOP), which are used for the viscosifier for the sealant. 27 3.2 Characterization of a confined ionic liquid using resonance shear measurement Ionic liquids (ILs) are composed entirely of ions at ambient temperatures. On account of their remarkable physicochemical properties (e.g. negligible vapour pressure, nonflammability, and high ionic conductivity), ILs have attracted increasing attention because of many applications such as in electrochemical systems, 28 as heterogeneous catalysis, 29 and lubricants. 30 The solid-IL interfaces are particularly interesting, since the solid-IL interface plays a crucial role in these applications.
We have studied two imidazolium-based ionic liquids (IL), 4 ]. This type of silica suspension in ionic liquids are used for quasi-solidified Li-ion battery, reported by Unemoto et al. 33 
Conclusion
Recent advancement in instrumentation based on SFA and their applications are reviewed. They provide information which are difficult to obtain by other methods. The virtues of these measurements are relatively simple principles and broad applicability. The potential of surface forces measurement are still not fuly exploired, in spite of their importance as basic science as well as broad interfaces with many technologies such as tribology and batteries. We believe that the measurement will be developed to study soft matters and in various technologies.
